Mycobacterium tuberculosis is the etiological agent of tuberculosis, a disease that affects nearly one-third of the world's population and causes the death of almost 3 million people per year (11, 18) . M. tuberculosis infection is acquired essentially through inhalation of infectious bacilli, which are internalized by alveolar macrophages, where they survive and replicate. At the infection site, recruitment of monocytes and lymphocytes leads to the formation of granulomas, which seem to prevent dissemination of the infection (25) . By mechanisms that are still not completely understood, M. tuberculosis may persist by suppressing the microbicidal activities of host macrophages and by ultimately subverting cell-mediated immune responses that eradicate the infection (34, 42) .
The T-cell response to pathogens requires that antigens must be presented by professional antigen-presenting cells (APCs), such as dendritic cells (DCs), in order for antigenic peptides to be recognized on major histocompatibility complex (MHC) or CD1 molecules and to activate naïve T cells. A large body of evidence has demonstrated that DCs display multiple and contrasting properties according to the maturation stage or the nature of their precursors (5, 16, 21, 44) . Upon exposure to inflammatory mediators and/or pathogens, the efficient antigen-capturing immature DCs (imDCs) are transformed into strongly stimulatory mature DCs (mDCs), which migrate with high efficiency into draining lymph nodes (6, 20, 29) . In these compartments, DCs can prime T lymphocytes, which ultimately leads to both memory T-cell expansion and effector T-cell differentiation, which in turn confer immediate protection against pathogens in peripheral tissues (22) (23) (24) . In lifelong chronic infections, however, the relative paucity of tissue DCs implies that they are renewed in order to sustain T-lymphocyte activation in the lymph nodes. Monocyte-derived DCs are the best candidates for this renewal, after the recruitment of monocytes to the inflammatory milieu induced by pathogens and their differentiation into DCs. Indeed, alveolar macrophages infected by M. tuberculosis secrete several cytokines, as well as chemokines, that rapidly recruit monocytes (39, 42) .
A variety of mechanisms have been proposed to explain the survival of M. tuberculosis within the macrophage, including inhibition of phagosome-lysosome fusion, inhibition of the acidification of phagosomes, and resistance to killing by oxygenated metabolites. The containment of viable M. tuberculosis within specialized phagosomes may also be considered an escape mechanism; by interfering with intracellular degradation, M. tuberculosis can substantially block the processing of antigens, the loading of immunodominant peptides onto MHC class II molecules, and/or the transport of MHC-peptide complexes to the cell surface (11) . Because CD4 ϩ T lymphocytes are critically involved in host defense against M. tuberculosis, limitation of class II-dependent antigen presentation may be a significant mechanism by which M. tuberculosis evades immune surveillance. Of particular relevance, at high infection ratios M. tuberculosis has been shown to down-modulate CD1 molecules on APCs, thus also limiting CD1-restricted T-cell recognition (45) . Recent studies have further underlined the ability of M. tuberculosis to interfere with APC functions through the signaling generated by engagement of the DC-SIGN receptor on the DC membrane (14, 17, 46) . In line with these findings, it has recently been shown that M. tuberculosis can interfere not only with DC function but also with generation of DCs. By taking advantage of the commonly used method to generate DCs from human monocytes (i.e., culture with granulocytemacrophage colony-stimulating factor [GM-CSF] and interleukin-4 [IL-4]), it was demonstrated that monocytes infected with live M. tuberculosis can differentiate into mDCs, but these cells displayed a unique phenotype and a defective APC function (28) . However, granulomas from different patients, as well as single granulomas from the same patient, appear to be microenvironments with distinctive patterns of cytokine production (8, 9) . Thus, analysis of the strategies used by M. tuberculosis to elude the immune response should take into account the notion that in the local inflammatory environment there may be significant variations in the cellular and cytokine contents during the different stages of a lifelong chronic disease such as tuberculosis. In this light, it is interesting that following infection with M. tuberculosis, both monocytes and DCs produce alpha interferon (IFN-␣) (38, 50) and that among the wide spectrum of biological activities, IFN-␣ has also been described as a potent stimulus, in association with GM-CSF, for the differentiation of monocytes into DCs (41) .
Here we show that in the presence of GM-CSF and IFN-␣, M. tuberculosis inhibits the generation of DCs from monocytes, forcing the differentiation of cells displaying features of macrophages. The data presented here further expand our understanding of M. tuberculosis's interference with APC generation in infected organs.
MATERIALS AND METHODS
Growth of mycobacteria. M. tuberculosis H37Rv (ATCC 27294) and Mycobacterium avium strain 485 were grown in Middlebrook 7H10 agar (Difco Laboratories, Detroit, Mich.) at 37°C under a humidified 5% CO 2 atmosphere for 2 weeks and 1 week, respectively. Bacterial suspensions were prepared by dispersing colonies with glass beads in RPMI 1640. The tubes were vortexed and left to stand for 30 min to allow larger particles to settle. The upper supernatant was stored at Ϫ80°C until it was used. CFU were counted by the standard viable count technique in Middlebrook 7H10 agar plates (28) .
Monocyte isolation, infection, and generation of DCs from infected monocytes. Peripheral blood mononuclear cells were isolated with a Ficoll density gradient (1, 32) . Monocytes were then positively sorted by using anti-CD14-labeled magnetic beads (MACS; Miltenyi Biotech, Bergesh Gladbach, Germany) and resuspended in RPMI 1640-based complete medium (31) . Monocytes were infected with single-cell suspensions of M. tuberculosis at multiplicities of infection (MOIs) ranging from 0.5:1 to 10:1; an MOI of 3:1 was used unless otherwise indicated (15) . In control experiments, M. tuberculosis was heat killed at 80°C for 30 min before incubation with monocytes. In some experiments, opsonization of mycobacteria was performed by 30 min of incubation at 37°C with normal human serum (7) . Latex particles (Sigma, St. Louis, Mo.) were used at particle/monocyte ratios ranging from 1:1 to 5:1. The efficiency of infection or phagocytosis was quantitated by counting intracellular mycobacteria or particles in cells stained by the Kinyoun method (15) . DCs were generated by culturing infected and noninfected monocytes for 6 days in complete medium containing GM-CSF (200 U/ml; Sandoz, Basel, Switzerland) and IFN-␣ (1,000 U/ml; Roche, Nutley, N.J.) plus, in some experiments, neutralizing anti-IL-10 antibodies or an appropriate isotype control (BD Pharmingen) at a concentration of 10 g/ml. Lipopolysaccharide (LPS) (from Escherichia coli; Sigma) at a concentration of 0.1 g/ml was added on the fifth day of culture to induce DC maturation. Cultures were grown both in the presence and in the absence of kanamycin (100 U/ml). Adherent cells were harvested following the gentle use of a cell scraper (Costar). The viability of infected cells was determined by trypan blue exclusion. Virtually all living cells (Ͼ95%) infected at an MOI of 3:1 contained Ͼ10 mycobacteria/cell 6 days after infection irrespective of the use of kanamycin.
Fluorescence-activated cell sorting analysis. We used anti-HLA class I, anti-HLA class II, anti-CD1a, anti-CD1b, anti-CD3, anti-CD11c, anti-CD14, anti-CD25, anti-CD40, anti-CD80, anti-CD83, anti-CD86, anti-CD123, and anti-CCR7 antibodies and appropriate isotype controls, all purchased from BD Pharmingen (San Diego, Calif.). Biotin-conjugated anti-CD1c antibodies were obtained from Cymbus Biotechnology Ltd. (Ghandlers Ford, Hampshire, Great Britain). Human-adsorbed, fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse immunoglobulin G and goat anti-mouse immunoglobulin M (Southern Biotechnology Associates, Inc., Birmingham, Ala.) were used as the secondary antibodies. FITC-conjugated streptavidin (Sigma) was used in association with anti-CD1c. Cells were harvested and washed in phosphate-buffered saline containing 1% fetal calf serum and 0.1%NaN 3 (staining buffer) and were stained by using the above-mentioned antibodies or appropriate isotype controls for background determination. After incubation and washing in staining buffer, cells were resuspended in medium suitable for cytometric analysis (FACSFlow; Becton Dickinson, Mountain View, Calif.) supplemented with 5 mg of propidium iodide per ml to exclude dead cells. Staining of intracellular cytokines in T cells was performed by using phycoerythrin-conjugated rat anti-human IL-4 or IL-10 and FITC-conjugated mouse anti-human IFN-␥ in PerCp-conjugated CD3 ϩ cells (BD Pharmingen) after fixation and permeabilization with Cytofix/Cytoperm (BD Pharmingen) used according to the manufacturer's instructions.
Stained cells were analyzed by flow cytometry by using a FACScan cytometer (Becton Dickinson) equipped with Cellquest software (Becton Dickinson). The fluorescence intensity was evaluated by computerized analysis of dot plots or histograms generated with 5,000 viable cells Measurement of cytokine secretion. IL-10, IL-12, and tumor necrosis factor alpha concentrations were determined by using commercially available enzymelinked immunosorbent assay kits (R&D Systems, Abingdon, Oxon, United Kingdom) and were expressed in picograms per milliliter.
T-lymphocyte proliferation and functional polarization. Decreasing numbers of APCs were added to 5 ϫ 10 4 allogeneic cord blood T lymphocytes (CB-T lymphocytes)/well. The proliferative response was measured after 6 days of growth by using a 16-h pulse of [ 3 H]thymidine (1 Ci/well; Amersham, Little Chalfont, Great Britain) (31) . The intracellular accumulation of cytokines in allogeneic CB-T lymphocytes was analyzed at the end of a 6-day coculture with cells derived from M. tuberculosis-infected or noninfected monocytes treated or not treated with LPS. T cells were then further stimulated with 10 Ϫ7 M phorbol myristate acetate and 0.5 of g of ionomycin (Sigma) per ml for 5 h in the presence of brefeldin (Golgi plug; BD Pharmingen) at a concentration of 2 g/ml for the last 2 h. Cells were then washed and treated as described above for fluorescence-activated cell sorting analysis.
Statistical analysis. Data were analyzed by using the SPSS program (SPSS Inc., Chicago, Ill.). The statistical significance of the difference between groups of data with a normal distribution was determined by the analysis of variance test with Bonferroni-Dunn posttests.
RESULTS
The phenotype of cells derived from M. tuberculosis-infected monocytes differs from that of uninfected controls. Monocytes infected with M. tuberculosis and cultured for 6 days with GM-CSF and IFN-␣ displayed a phenotype completely different from that of uninfected control DCs ( Fig. 1A and 2 ). They expressed a macrophage-like phenotype since they were CD14 ϩ CD123 Ϫ (data not shown) and did not express molecules of the CD1 family (CD1a, CD1b, and CD1c). In addition, both B7.1 (CD80) and MHC classes I and II were not upregulated, while B7.2 (CD86) was expressed in the majority of the cells. These cells were CD83 and CCR7 negative even after LPS stimulation, suggesting that upon infection with M. tuberculosis they were unable to differentiate into mDCs and thus to acquire migratory capacities. These data, together with the cellular morphology and the cytometric side and forward scatter parameters, suggest that these cells were bona fide macrophages derived from M. tuberculosis-infected monocytes (M. tuberculosis-infected MoM). Anti-IL-10 neutralizing antibodies induced a reduction in CD14 expression (Fig. 1B ) not associated with acquisition of molecules of the CD1 family, suggesting that secretion of IL-10 may be involved in promoting differentiation of M. tuberculosis-infected monocytes cultured with IFN-␣ into macrophage-like cells. Notably, inhibition of DC generation by M. tuberculosis was observed at an MOI of 3:1, while infection at MOIs of Յ1:1 and Ն5:1 resulted in cells phenotypically indistinguishable from uninfected controls and in progressively greater cell mortality, respectively, demonstrating that a critical M. tuberculosis burden is required for inhibition of DC generation. Importantly, monocytes that had phagocytosed heat-killed M. tuberculosis and then were cultured with the same cytokine cocktail developed into macrophages (heat-killed M. tuberculosis-containing MoM) that displayed a phenotype identical to that of M. tuberculosis-infected MoM. These results suggest that structural mycobacterial molecules, rather than the metabolic products from living bacteria, are probably responsible for the observed effects on monocyte differentiation in the presence of IFN-␣.
No differences in the phenotypes of cells derived from M. tuberculosis-infected monocytes were observed when the cells were cultured in the absence and in the presence of kanamycin, an aminoglycoside antibiotic with reduced efficacy against intracellular mycobacteria (47, 48) . In the latter case, however, the level of recovery of living cells was more than 50%. The increase in cell viability was probably caused by the kanamycindependent killing of extracellular mycobacteria spreading from infected cells, which died during the culture period. Released mycobacteria would, in fact, increase randomly the MOI of single monocytes and, consequently, cell death. However, the viability of monocytes cultured in the presence of GM-CSF and IFN-␣ was similar to the viability of monocytes cultured in the presence of GM-CSF and IL-4 (28) after infection with M. tuberculosis at MOIs greater than 3:1, suggesting that the differentiation methods used did not produce distinct effects on cell death due to M. tuberculosis infection.
Interference with differentiation was observed in monocytes infected with live M. tuberculosis or after phagocytosis of heatkilled M. tuberculosis but not in monocytes infected with opsonized or nonopsonized M. avium used at MOIs of 3:1 and 33:1 (data not shown). We confirmed that monocytes allowed to phagocytose latex particles differentiated into DCs with a phenotype and function identical to those of DCs derived from untreated monocytes, indicating that phagocytosis per se does not interfere with monocyte differentiation (28) . We also investigated whether infection with mycobacteria of differentiated imDCs induced the same phenotypic modifications as infection before differentiation. imDCs derived from uninfected monocytes cultured with GM-CSF and IFN-␣ for 5 days were subsequently infected at an MOI of 3:1 and cultured for an additional 48 h. These cells became strongly positive for CD40, CD80, and CD86, as well as MHC class I and II molecules, and expressed CD83 and CCR7 like LPS-stimulated mDCs (Fig. 3) . This result emphasizes the unique phenotype of M. tuberculosis-infected MoM and indicates that M. tuberculosis interferes at early stages of DC differentiation from infected monocytes. 
tuberculosis-infected MoM and heat-killed M. tuberculosis-containing
MoM were studied by using a mixed leukocyte reaction as an assay in which the responder cells were naïve allogeneic CB-T lymphocytes. Uninfected DCs, with and without LPS treatment, and imDCs infected for 48 h with M. tuberculosis were also included in the test. Both M. tuberculosis-infected MoM and heat-killed M. tuberculosis-containing MoM generated from the same donor induced reduced proliferation of CB-T lymphocytes compared to uninfected mDCs (Fig. 5A) or DCs infected after differentiation from normal monocytes (Fig. 5B) . The low proliferative response observed in the [ 3 H]thymidine incorporation assay was paralleled by the observation that an extremely low number of living CB-T lymphocytes were detectable after 6 days of coculture with M. tuberculosis-infected MoM. In addition, the low number of CB-T lymphocytes expanded by allogeneic M. tuberculosis-infected MoM were unable to synthesize IFN-␥, IL-4 (Fig. 5C ), or IL-10 (data not shown), irrespective of LPS treatment of APCs. By contrast, control LPS-treated (uninfected) DCs and imDCs infected with M. tuberculosis after differentiation with GM-CSF and IFN-␣ induced significant CB-T lymphocyte secretion of IFN-␥ but not secretion of IL-4 ( Fig. 5C ) and IL-10 (data not shown). These data suggest that mDCs and M. tuberculosisinfected DCs have the capacity to promote a typical Th1-like cell response. CB-T lymphocytes stimulated with mDCs had the morphology of blasts, as determined by microscopy and flow cytometry scatter parameters (Fig. 5D ), and were CD25 positive (data not shown) and MHC class II positive (Fig. 5E ). On the other hand, lymphocytes stimulated with M. tuberculosis-infected MoM had the morphology of resting cells with low side and forward scatter in flow cytometry and were CD25 and MHC class II negative. Altogether, these data indicate that infection of monocytes with M. tuberculosis leads to the development of cells with a markedly altered capacity for naïve T-cell priming and a substantial inability to promote the expansion of effector cells. Thus, these data further suggest that cells derived from infected monocytes are not DCs but are macrophage-like cells.
DISCUSSION
To date, it has not been clearly established whether the pool of tissue DCs is renewed through the recruitment into normal and inflamed tissues of DC progenitors or monocytes that subsequently differentiate into DCs. However, previous studies have clearly demonstrated that phagocytosing monocytes may develop into DCs and migrate to lymph nodes. It has been suggested that the phagocytosis and presentation of particulate (as opposite to soluble) antigens, such as bacteria, may repre- sent a major function of DCs derived from monocytes (36, 37) . In this light, we were interested in establishing whether the function of DCs derived from monocytes after the phagocytosis of M. tuberculosis should be considered protective or altered and potentially detrimental for the host. Along these lines, it has recently been demonstrated that M. tuberculosis-infected monocytes cultured in the presence of GM-CSF and IL-4 differentiate into mDCs, which are, however, unable to expand effector T lymphocytes (28) . This method for DC generation in vitro does not necessarily reflect the actual conditions needed for monocyte differentiation in vivo. Nonetheless, it represents a widely used in vitro model that is now available, and moreover, the cytokines used may in principle be produced in the inflammatory milieu induced by M. tuberculosis (4, 10, 43) . Recently, a new in vitro method for DC differentiation from human peripheral blood monocytes that uses IFN-␣ in association with GM-CSF has been described (41) . IFN-␣ is readily released as a danger signal in several infections caused by viruses or bacteria, including M. tuberculosis (19, 30) . It has been reported that following infection with M. tuberculosis, both monocytes and DCs produce IFN-␣ (38, 50). Thus, the inflammatory milieu induced by M. tuberculosis might be enriched with IFN-␣ that, in turn, could favor the differentiation of recruited monocytes into DCs (40) . The autocrine secretion of IFN-␣ has also been suggested to be a modulator of monocyte differentiation in a model tissue setting in which monocytes were cocultured with endothelium grown on a type I collagen matrix (35) . In this regard, in vivo experiments clearly indicated that M. tuberculosis strains with the ability to induce IFN-␣ displayed increased virulence and a capacity to induce disease (26, 27) . The production of IFN-␣ was associated with the failure of induction of the IL-12-mediated protective Th1 response. These results were paralleled by the marked reduction in the survival of M. tuberculosis-infected mice intranasally inoculated with IFN-␣/␤ but not IFN-␥. However, possible cellular mechanisms responsible for the IFN-␣-associated vir- (10, 19, 30) . We demonstrated that infected monocytes were inhibited in their differentiation into DCs. In fact, M. tuberculosis skewed monocyte differentiation into a subset with macrophage-like characteristics (M. tuberculosis-infected MoM). M. tuberculosis-infected MoM retained CD14 and remained CD83 and CCR7 negative, even after LPS treatment, but, unlike monocytes, the majority of cells had up-regulated B7.2. In agreement with their macrophage-like phenotype, M. tuberculosisinfected MoM showed a severely reduced capacity to induce proliferation of allogeneic CB-T lymphocytes compared to mDCs. There was no expansion of alloreactive T cells, and the few living lymphocytes that it was possible to analyze were not polarized.
We noted that M. tuberculosis, while suppressing IL-12 production, strongly amplified IL-10 secretion of IFN-␣-cultured monocytes, suggesting that this effect may have a major role in inhibiting the differentiation of monocytes into DCs and favoring the generation of macrophages instead (2, 3) . This possible autocrine effect is also supported by previous results obtained with IL-10 added to cultures of M. tuberculosis-infected DCs (13) . Moreover, in the presence of anti-IL-10 antibodies, we observed reduced macrophage differentiation, as measured by CD14 expression. This result is consistent with the possible role of IL-10 in the inhibition of DC differentiation.
Finally, the recent observation that M. tuberculosis inhibits selectively the activation of STAT-1 by IFN-␣, but not by IFN-␥, in infected monocytes (33) suggests a possible mechanism of M. tuberculosis interference with monocyte differentiation into DCs that deserves further investigation. Irrespective of the mechanism, if the M. tuberculosis-mediated shift of monocyte differentiation observed in the presence of IFN-␣ operates in vivo, the net result would be, on the one hand, a reduced availability of professional APCs qualified to reach secondary lymphoid organs and capable of activating specific T lymphocytes and, on the other hand, the generation of immunoprivileged macrophage-like cells which have reduced expression of both T-lymphocyte stimulatory and costimulatory molecules. Macrophages are critical cells in the pathogenesis of tuberculosis, representing the host cell type for M. tuberculosis. To safely persist within macrophages, however, M. tuberculosis must prevent the conversion of macrophages into effector cells capable of killing intracellular bacteria (12, 49) . In this regard, the ability of M. tuberculosis to induce the differentiation of macrophage-like cells lacking both signal 1 and signal 2 required for T-cell activation could be considered a powerful mechanism that M. tuberculosis uses to circumvent immune recognition and persist as an intracellular pathogen.
The composition of the cellular infiltrate within tubercular lesions varies with the evolution of the disease. In addition, in different patients, as well as in different granulomas within the same patient, the immunophenotype of infiltrating cells and, as a consequence, the local cytokine production vary markedly. Thus, every granuloma appears to be a microenvironment with its own pattern of cytokine production (8, 9) . The present data, together with the data described previously (28) , suggest that M. tuberculosis has the ability to interfere with monocyte differentiation irrespective of the composition of the cytokines in the local microenvironment. Thus, we propose that the interference with monocyte differentiation represents a major strategy of M. tuberculosis for eluding immune surveillance and/or for creating an ideal habitat in which to persist and eventually cause disease.
